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ORIGINAL ARTICLE

Simulation and Prediction of the Drug-Drug Interaction
Potential of Naloxegol by Physiologically Based
Pharmacokinetic Modeling

D Zhou™, K Bui', M Sostek? and N Al-Huniti'

Naloxegol, a peripherally acting u-opioid receptor antagonist for the treatment of opioid-induced constipation, is a substrate
for cytochrome P450 (CYP) 3A4/3A5 and the P-glycoprotein (P-gp) transporter. By integrating in silico, preclinical, and clinical
pharmacokinetic (PK) findings, minimal and full physiologically based pharmacokinetic (PBPK) models were developed to
predict the drug-drug interaction (DDI) potential for naloxegol. The models reasonably predicted the observed changes in
naloxegol exposure with ketoconazole (increase of 13.1-fold predicted vs. 12.9-fold observed), diltiazem (increase of 2.8-fold
predicted vs. 3.4-fold observed), rifampin (reduction of 76% predicted vs. 89% observed), and quinidine (increase of 1.2-fold
predicted vs. 1.4-fold observed). The moderate CYP3A4 inducer efavirenz was predicted to reduce naloxegol exposure by
~50%, whereas weak CYP3A inhibitors were predicted to minimally affect exposure. In summary, the PBPK models
reasonably estimated interactions with various CYP3A modulators and can be used to guide dosing in clinical practice when

naloxegol is coadministered with such agents.

CPT Pharmacometrics Syst. Pharmacol. (2016) 5, 250-257; doi:10.1002/psp4.12070; published online 16 April 2016.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? M Naloxegol is a substrate of CYP3A and P-gp, as con-
firmed by clinical pharmacology DDI studies with strong, moderate, and weak inhibitors (ketoconazole, diltiazem, and
quinidine) and an inducer (rifampin) of CYP3A and P-gp. * WHAT QUESTION DID THIS STUDY ADDRESS? M PBPK
modeling was applied to mechanistically predict the effect of CYP3A modulators likely to be coadministered with naloxe-
gol on its PK. Effects of CYP3A/P-gp modulators that were commonly coadministered in the phase Il program of naloxe-
gol were predicted to help guide naloxegol dosing in clinical practice. « WHAT THIS STUDY ADDS TO OUR
KNOWLEDGE ™ PBPK modeling extended findings from the clinical DDI studies to predict the effects of moderate or
weak CYP3A inhibitors and a moderate CYP3A inducer on the PK of naloxegol. ¢ HOW THIS MIGHT CHANGE CLINI-
CAL PHARMACOLOGY AND THERAPEUTICS M PBPK models qualified from clinical trial results can be used to predict
the effects of specific CYP3A modulators with naloxegol and to guide the dosing of naloxegol.

Naloxegol is an oral, peripherally acting u-opioid receptor
antagonist approved by the US Food and Drug Administra-
tion (FDA) for the treatment of opioid-induced constipation
in patients with noncancer pain.' The metabolic stability
of naloxegol studied in vitro in the presence of individual
cytochrome P450 (CYP) enzymes and human liver micro-
somes indicated naloxegol is metabolized primarily by
CYP3A and not by the other CYP enzymes.* In vitro stud-
ies also indicated naloxegol is a substrate for the
P-glycoprotein (P-gp) transporter.* Therefore, the metabo-
lism, distribution (including brain penetration), and disposi-
tion of naloxegol may be altered by drugs that interfere with
CYP3A and P-gp. After administration of 27 mg as an oral
solution to healthy male volunteers, ['*C]naloxegol was
absorbed rapidly, and clearance was primarily metabolic.®
Naloxegol metabolites were formed by partial loss of the
polyethylene glycol chain, demethylation and oxidation, and
dealkylation.® Naloxegol and its metabolites were primarily
eliminated in feces.® Renal elimination was a minor path-

way; parent drug excreted in urine accounted for <6% of
the dose.®

The effects of CYP3A and P-gp modulators on the phar-
macokinetics (PKs) of naloxegol were previously character-
ized in a series of drug-drug interaction (DDI) studies,®”
the findings of which informed current FDA labeling for
naloxegol.® These DDI trials also confirmed that naloxegol
is a sensitive substrate of CYP3A and suggest that at the
recommended dose of 25 mg naloxegol, CYP3A modulation
has a greater impact on the exposure of naloxegol than P-
gp modulation.®” Specifically, ketoconazole (400 mg once
daily [g.d.] for 5 days), a strong inhibitor of CYP3A and an
inhibitor of P-gp, increased the area under the curve (AUC)
of naloxegol (coadministered on day 4) by 12.9-fold.® Diltia-
zem (240 mg qg.d. for 5 days), a moderate inhibitor of
CYP3A and an inhibitor of P-gp, increased the AUC of
naloxegol (coadministered on day 4) by 3.4-fold.® Quinidine
(600 mg, single dose), a weak inhibitor of CYP3A and a
strong inhibitor of P-gp, increased the AUC of naloxegol by
1.4-fold with coadministration.” Rifampin (600 mg q.d. for
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10 days), a strong inducer of CYP3A and an inducer of P-
gp, reduced the AUC of naloxegol (coadministered on day
10) by almost 90%.° The objectives of the current analysis,
therefore, were: (1) to develop a physiologically based
pharmacokinetic (PBPK) model for naloxegol by incorporat-
ing physicochemical, absorption, distribution, and elimina-
tion properties of naloxegol; (2) investigate changes in
systemic exposure of naloxegol after oral coadministration
with other CYP3A and P-gp modulators; and (3) predict
clinical DDIs between naloxegol and other CYP3A modula-
tors likely to be used concomitantly with naloxegol.

METHODS

Clinical studies

Clinical DDI study results of orally administered naloxegol
25 mg and various CYP3A and P-gp inhibitors (ketocona-
zole, diltiazem, and quinidine) and an inducer (rifampin)
were used as comparisons for qualification during the
PBPK model development.®” All studies were performed in
healthy volunteers using a crossover design, with an appro-
priate washout period after initial naloxegol dosing.®” For
the naloxegol and ketoconazole interaction study (n=22), a
single dose of naloxegol was administered alone, and then
in combination with ketoconazole 400 mg g.d. (5 days dos-
ing, naloxegol coadministered on day 4).° For the naloxegol
and diltiazem interaction study (n=43), a single dose of
naloxegol was administered alone, and then in combination
with diltiazem 240 mg g.d. (5 days dosing, naloxegol coad-
ministered on day 4).° For the naloxegol and rifampin inter-
action study (n=22), a single dose of naloxegol was
administered alone, followed by coadministration with rifam-
pin 600 mg q.d. (10 days dosing, naloxegol coadministered
on day 10).° For the naloxegol and quinidine interaction
study (n= 38), a single dose of naloxegol was administered
in combination with a single oral dose of quinidine
600 mg.” Study designs are detailed in Supplementary
Table S1.

These studies were conducted in accordance with the
Declaration of Helsinki and the International Conference on
Harmonisation/Good Clinical Practice, applicable regulatory
requirements, and the AstraZeneca policy on Bioethics.
The final protocol and informed consent form were
approved by the institutional review boards at the respec-
tive study sites. Informed consent was obtained from all
volunteers before any study procedures were conducted.

Model development

Model development and simulation were performed with the
population-based absorption, distribution, metabolism, and
excretion simulator Simcyp, version 12 (Simcyp, Sheffield,
UK).B First, a minimal PBPK model with a single adjustable
Compartment,9 which considers both liver and intestinal
metabolism, was developed for naloxegol. The single
adjustable compartment is a nonphysiologic compartment
that allows distribution kinetics in other tissues to be mod-
eled and combines all tissues, except for the liver and por-
tal vein. Distribution was defined by first-order rate
constants and volume of distribution for the single adjusta-
ble compartment, an apparent volume of distribution (L/kg).
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Table 1 Input parameter values used to simulate the kinetics of naloxegol

Assumptions and
References

Parameter Value

Molecular weight 652 Experimental data

Compound type Diprotic base Experimental data

pKa 8.45, 9.48 Experimental data
Log P 1.43 Experimental data
B/P 1 Assumed
fu 0.958 Experimental data
fumic 1 Software default value
fugut 1 Software default value
fa 0.649 Predicted by Simcyp
ka (h™1) 0.338 Predicted by Simcyp
Papp Caco-2 (107 cm/s) 4.55 Experimental data
Predicted Vs (L/kg) 2.0 Predicted using Simcyp
Rodgers and
Rowland method
Vsac (L/kg) 1.33 Estimated to fit
targeted profile
Clpo (L/h) 150 Clinical observation®
CYP3A4 CLn; 0.267 Retrograde calculation
(uL/min/pmol protein)
CLg (L/h) 4.74 Clinical observation'’
CLint, T (uL/min) 25 Assumed to be the

same as digoxin

B/P, blood to plasma ratio; CLiy, intrinsic clearance; CLin, + in vitro
transporter-mediated intrinsic clearance; CL,,, total clearance after an oral
dose; CLg, renal clearance; CYP3A4, cytochrome P450 3A4; f,, fraction of
absorbed dose that escapes gut wall metabolism; f,, unbound fraction in
plasma; fygut, unbound fraction in gut; fumic, unbound fraction in microsomes;
ka, absorption rate constant; Log P, partition coefficient; P,,, Caco-2, appa-
rent permeability coefficient in Caco-2 cells; pKa, negative logarithm of the
dissociation constant, K,; Vsac, volume of distribution for the single adjusta-
ble compartment; Vg, volume of distribution at steady state.

The model was then expanded to a full PBPK model by
including additional tissues (e.g., adipose, brain, bone,
heart, lung, muscle, and skin) and incorporating the P-gp
transporter contribution at both intestinal epithelia and
hepatocytes to evaluate naloxegol absorption and biliary
excretion, as well as its interaction with P-gp inhibitors/
inducers. The P-gp contributions at kidney proximal tubules
and the blood-brain barrier were not considered in the cur-
rent model.

The final input parameters to simulate the kinetics of
naloxegol included molecular weight, compound type,
absorption rate constant, blood/plasma ratio, unbound frac-
tion in plasma, apparent permeability coefficient (Papp) in
Caco-2 cells, predicted volume of distribution at steady
state, total clearance after an oral dose, renal clearance,
and others (Table 1). The volume of distribution at steady
state was predicted to be 2.0 L/kg, based on the Rodgers
and Rowland method."® The in vivo total clearance after an
oral dose value of 150 L/h observed in the ketoconazole
DDI study and the renal clearance value of 4.74 L/h from
the renal impairment study’" were used to define metabolic
clearance of naloxegol with the retrograde method, which is
a feature included in the Simcyp software. The retrograde
method estimated an intrinsic metabolic clearance value of
36.6 uL/min/mg. As CYP3A was the only CYP isoform iden-
tified to metabolize naloxegol in the in vitro experiment, the
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percentage of naloxegol metabolized by CYP3A4 was set
at 100% (fraction metabolized=1) and the in vitro
transporter-mediated intrinsic clearance value of 0.267 ul/
min/pmol for CYP3A4 was assigned.

As there was no in vitro P-gp transporter study specifi-
cally designed to capture certain parameters, assumptions
were made to obtain a reasonable PK profile of naloxegol.
The model assumed hepatic perfusion-limited diffusion by
assigning the default value of passive diffusion clearance of
0.1 mL/min per million cells at the sinusoidal side for hepa-
tocytes to determine the role of transporters on the hepatic
uptake of naloxegol. Nor were the kinetic parameters (rate
constant for the elimination of a metabolite and maximal
flux value) of P-gp-mediated intestinal efflux available
regarding naloxegol. However, as naloxegol and digoxin
demonstrated similar efflux results using the same Caco-2
transport assay, the reported in vitro transporter-mediated
intrinsic clearance value for digoxin (2.5 uL/min) was
assigned.'® A sensitivity analysis was applied to demon-
strate that this was a reasonable assumption value for
naloxegol. Because the incorporation of the efflux trans-
porter, P-gp, in the system is expected to restrict drug
absorption in the gastrointestinal tract, the P,,, in humans
value in the duodenum, jejunum |, and jejunum Il was
increased to 3.5 X 10~* cm/s, whereas the P,y in humans
value was retained at the original estimation of 0.83 X
10* cm/s for the other segments in the advanced dissolu-
tion, absorption, and metabolism model. The use of the
original P,y in humans value estimated from P,,, Caco-2
to all segments would underestimate naloxegol exposure.

Model simulation ) .
Compatrative simulations. Simulations were conducted dur-

ing the PBPK model development as a qualification step to
ensure appropriate parameter estimations. Default model
library files for the CYP3A/P-gp modulators ketoconazole,
diltiazem, rifampin, and quinidine were used as provided in
the software (Supplementary Appendix), with the addition
of the inhibition rate constants (K; values) for P-gp, using
the lowest reported value for each drug in the interaction
simulations. The K; values of 0.5, 3.5, 84.5, and 0.43 uM
were applied for ketoconazole, diltiazem, rifampin, and
quinidine inhibition of P-gp, respectively. The approach
reported by Friedman et al.'® was applied to simulate the
plasma concentration-time profile of sustained-released dil-
tiazem. The models were developed using the same study
design and dosing regimen as in each aforementioned clini-
cal DDI trial (see Supplementary Table S1). Both minimal
and full PBPK models were used to simulate the DDI
between naloxegol and ketoconazole, diltiazem, and rifam-
pin, and the full PBPK model was applied to predict the
interaction between naloxegol and quinidine.

Predictive simulations. The final minimal PBPK model was
utilized to simulate changes in the PK profile of naloxegol in
the presence of various moderate (erythromycin, flucona-
zole, verapamil, and ciprofloxacin)'* and weak (alprazolam,
fluoxetine, amlodipine, atorvastatin, and cimetidine)'
CYP3A inhibitors that were commonly coadministered with
naloxegol in phase Il trials.’® Compound files were used as
provided in the Simcyp software for erythromycin (250 or
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400 mg every 6 hours [Q6h] for 5 days), fluconazole
(200 mg q.d. for 5 days), verapamil (120 mg 3 times daily
[t.i.d.] for 5 days), fluoxetine (80 mg q.d. for 5 days), cipro-
floxacin (500 mg twice daily [b.i.d.] for 5 days), and alprazo-
lam (0.5 mg t.i.d. for 1 day). In a previous clinical study,
ciprofloxacin was reported to result in a greater than two-
fold increase in sildenafil AUC.'® However, an in vitro study
indicated that ciprofloxacin at 2 mM inhibited erythromycin-
mediated CYP3A activity by only 65%."” Using the in vitro
study findings,'” the model was adapted to include the K;
value of 538 M for CYP3A inhibition. For alprazolam, the
only in vitro CYP3A inhibition study showed alprazolam to
have an ICso value >50 uM against CYP3A."® This ICs
value was used to predict the potential for DDI between
naloxegol and alprazolam. Compound files for amlodipine
(10 mg q.d. for 15 days), atorvastatin (80 mg qg.d. for 5
days), and cimetidine (800 mg q.d. for 5 days) were devel-
oped using available in vitro and in vivo absorption, distribu-
tion, metabolism, and excretion data (Supplementary
Appendix).

A compound file for efavirenz, a moderate CYP3A
inducer,™ was also constructed, using a previously pub-
lished model,'® with additional parameters for pK, (10.2),°
and unbound plasma protein binding (0.029).2" The minimal
PBPK model was used to simulate potential DDI between
efavirenz 400 mg q.d. for 14 days and naloxegol 25 mg as
a single dose administered on day 14, with induction of
intestinal CYP3A by efavirenz.

Predictions of plasma drug concentration-time profiles,
clearance, DDIs, distribution, and absorption were per-
formed in the Simcyp simulator using a population of virtual
individuals. The default Simcyp parameter values for creat-
ing a virtual healthy volunteer population (demographic,
anatomic, and physiologic parameters, including liver vol-
ume and blood flow, and enzyme levels) were applied in
the current analysis. The PK simulations were conducted
using various clinical study conditions (see Supplementary
Table S2), and the standard 10 trials of 10 subjects per
trial was applied for each simulation). Mean and distribution
of demographic covariates and drug parameters were gen-
erated using a Monte Carlo approach, under predefined
study designs, within Simcyp.

RESULTS

Predicted and observed DDI with CYP3A/P-gp
inhibitors and inducer

The initial simulations of the kinetics of naloxegol (minimal
PBPK model) alone and in the presence of ketoconazole
were used to optimize the metabolism parameter inputs.
Simulated profiles for the naloxegol and ketoconazole inter-
action were then compared to observed data (Figure 1a).
The predicted and observed AUC ratios were 13.1-fold and
12.9-fold, respectively, and the predicted and observed
maximum plasma concentration (Cp,ax) ratios were 7.8-fold
and 9.6-fold (Table 2, Figure 2). The predicted AUC and
Cmax ratios were close to observed values, indicating that
the assigned fraction metabolized value of 1 for CYP3A4
was close to the actual value, based on the assumption



800 ©O Observed: naloxegol alone

A Observed: naloxegol + ketoconazole

® Mean observed: naloxegol alone

A Mean observed: naloxegol + ketoconazole
—— Mean predicted: naloxegol alone
Mean predicted: naloxegol + ketoconazole
600 """ Predicted 90% CI: naloxegol alone
- - -~ Predicted 90% ClI: naloxegol + ketoconazole

Naloxegol Concentration (ng/mL)

400
200
o]
04 %3._ ° o
T T T T T T T T T T
0 6 12 18 24 168 174 180 186 192
Time (h)
[+
100 O  Observed: naloxegol alone
A Observed: naloxegol + rifampin
® Mean observed: naloxegol alone
A Mean observed: naloxegol + rifampin
\ — Mean predicted: naloxegol alone
. 80 \ Mean predicted: naloxegol + rifampin
- o\ - - - - Predicted 90% ClI: naloxegol alone
§ ° \ - - -~ Predicted 90% CI: naloxegol + rifampin
c 0\
S 60 é$ \
g o\
= \
© 9
o \
g .
O 404 &
©
g A
5 \
o \
<Zﬂ \
\
20
0 —

6 12 18 24 312 318 324 330 336

Time (h)

Pharmacokinetic Modeling of Naloxegol

Zhou et al.
b
300 ©O Observed: naloxegol alone
A Observed: naloxegol + diltiazem
® Mean observed: naloxegol alone
A Mean observed: naloxegol + diltiazem
250 -{ — Mean predicted: naloxegol alone
. Mean predicted: naloxegol + diltiazem
- - - - - Predicted 90% CI: naloxegol alone
% - - - - Predicted 90% CI: naloxegol + diltiazem
£ 200
c
S
s
€
I 150
=
Q
(&)
5
g 1004
X
o
(]
=z
50
0 —
T T T T T T T T T T
0 6 12 18 24 168 174 180 186 192
Time (h)
d
300 © Observed: naloxegol alone
A Observed: naloxegol + quinidine
® Mean observed: naloxegol alone
A Mean observed: naloxegol + quinidine A
250 - — Mean predicted: naloxegol alone
- Mean predicted: naloxegol + quinidine
a - - - - Predicted 90% CI: naloxegol alone
% - - - - Predicted 90% CI: naloxegol + quinidine A
£ 200 P
S &
g
=
g 150
c
Q
(&)
g 100 N
o oo
o
]
=z

T
0 6 12 18 24 216 222 228 234 240

Time (h)

Figure 1 Simulated plasma drug concentration-time profiles for 25 mg naloxegol alone and in the presence of the cytochrome P450
(CYP)3A4 modulators (a) ketoconazole 400 mg, minimal physiologically based pharmacokinetic (PBPK) model; (b) diltiazem 240 mg,
minimal PBPK model; (c) rifampin 600 mg, minimal PBPK model; and (d) quinidine 600 mg, full PBPK model. Data for naloxegol alone
are represented in green, and data for naloxegol in the presence of the respective CYP3A4 modulators are represented in blue.
Observed values for naloxegol alone are represented by diamonds, and observed values for naloxegol + CYP3A4 modulators are rep-
resented by triangles. Red symbols represent mean observed values. Dashed lines represent the 90% confidence interval of the

respective simulations.

that ketoconazole 400 mg q.d. specifically inhibits all
CYP3A activity.

The minimal PBPK model of naloxegol was further eval-
uated by comparing predicted PK changes in naloxegol
with coadministration of diltiazem 240 mg qg.d. or rifampin
600 mg q.d. with observed changes. The predicted and
observed change in AUC and C,,,y ratio with concomitant
diltiazem was 2.8-fold and 3.4-fold, respectively (AUC), and
2.3-fold and 2.9-fold (C,,ax ratio, Table 2, Figure 2). With
coadministration of rifampin, the predicted and observed
decrease in AUC ratio was 0.24-fold and 0.11-fold, respec-
tively, and the predicted and observed decrease in Cpax
ratio was 0.27-fold and 0.25-fold (Table 2, Figure 2). Simu-
lated concentration profiles for the naloxegol interaction
with diltiazem and rifampin relative to observed data are

presented in Figure 1b,c. The reasonable predictions of
naloxegol AUC and C,,.x ratios with coadministered diltia-
zem and rifampin also demonstrate that the assigned
parameters were appropriate to predict changes in the
naloxegol plasma concentration-time profile and potential
DDls.

The full PBPK model additionally produced adequate pre-
dictions for naloxegol PK changes with coadministration of
a single dose of quinidine 600 mg (Table 2, Figure 2). The
predicted and observed increase in naloxegol AUC was
1.23-fold and 1.38-fold, respectively, and the predicted and
observed increase in C.x Was 1.87-fold and 2.44-fold. The
simulated PK profiles of naloxegol with and without coadmi-
nistration of quinidine were consistent with the observed
data (Figure 1d).
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Table 2 Summary of predicted and observed AUC and Cpax ratios using minimal and full PBPK models for naloxegol 25 mg with coadministration of various

CYP3A/P-gp modulators®

AUC Cinax
Dosing Minimal Full PBPK Minimal Full PBPK

Modulator regimen® Observed PBPK model model Observed PBPK model model

Ketoconazole 400 mg q.d. for 5 12.85 13.14 8.82 9.58 7.75 4.19
(CYP3A/P-gp days (day 4) (11.3, 14.6) (11.9, 14.5) (7.17, 10.9) (8.1, 11.3) (6.9, 8.6) (3.38, 5.21)
inhibitor)

Diltiazem 240 mg q.d. for 5 3.41 2.80 2.45 2.85 2.28 1.70
(CYP3A/P-gp days (day 4) (3.16, 3.68) (2.64, 2.98) (2.10, 2.86) (2.59, 3.14) (2.18, 2.39) (1.57, 1.83)
inhibitor)

Rifampin 600 mg qg.d. for 10 0.11 0.24 0.37 0.25 0.27 0.35
(CYP3A/P-gp days (day 10) (0.10, 0.13) (0.22, 0.26) (0.31, 0.43) (0.19, 0.31) (0.25, 0.30) (0.32, 0.39)
inducer)

Quinidine 600 mg single dose 1.38 1.13 1.23 2.44 1.19 1.87
(CYP3A/P-gp (day 1) (1.31, 1.46) (1.126, 1.14) (1.21, 1.25) (2.17, 2.75) (1.18, 1.21) (1.81, 1.93)
inhibitor)

AUC, area under the curve; Cnax, maximum concentration; CYP3A4, cytochrome P450 3A4; PBPK, physiologically based pharmacokinetic; P-gp,

p-glycoprotein; q.d., once daily.
@Data are geometric means with 90% confidence intervals.

bDosing regimen of modulator, with day of naloxegol 25 mg coadministration in parentheses.

The full PBPK model was also applied to predict changes
in naloxegol exposure with coadministration of ketocona-
zole, diltiazem, and rifampin. Although the full PBPK model
adequately predicted changes in naloxegol exposure in the
presence of CYP3A/P-gp modulators, there was a trend
toward slight underprediction compared with observed val-
ues (Table 2, Figure 2). Thus, the minimal PBPK model
may be the preferred method for estimating changes in the

PK of naloxegol in the presence of various moderate and
weak CYP3A inhibitors or inducers by considering worst
case scenarios.

Predicted DDI with moderate and weak CYP3A4
inhibitors and inducers

Simulations of naloxegol interaction with various moderate
and weak CYP3A inhibitors were conducted using the

Ketoconazole Observed Cmax —
AUC —

Ketoconazole Predicted Cmax —
AUC —

Diltiazem Observed Cmax —
AUC —

Diltiazem Predicted Cmax —
AUC —

Quinidine Observed Cmax —
AUC —

Quinidine Predicted Cmax —|
AUC —

Verapamil Predicted Cmax —
AUC —

Cimetidine Predicted Cmax —
AUC —

Efavirenz Predicted Cmax —
AUC —

Rifampin Observed Cmax —|
AUC —

Rifampin Predicted Cmax —|
AUC —

1

1

i

I

, Observed DDI
! = =
I -

1

1

1

Ratio with 90% Confidence Interval

Figure 2 Simulated and observed naloxegol peak plasma concentration (Cnax) and area under the curve (AUC) ratios when coadminis-
tered with weak, moderate, and strong inhibitors and moderate and strong inducers of cytochrome P450 (CYP)3A, with 90% confi-
dence intervals. Dashed lines represent the (80%, 125%) interval. Verification and prediction are both model-predicted interaction
results, but indicate cases in which the actual clinical drug-drug interaction (DDI) studies were conducted (verification) or were not

(prediction).
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Table 3 Summary of predicted AUC and Cpax ratios using the minimal PBPK model for naloxegol 25 mg with coadministration of various moderate and weak

CYPS3A inhibitors or inducer

Minimal PBPK model®

Modulator Dosing regimens® AUC ratio Cmax ratio
Fluconazole (CYP3A inhibitor) 200 mg q.d. for 5 days (day 4) 2.81 (2.71, 2.92) 2.40 (2.3, 2.51)
Verapamil (CYP3A/P-gp inhibitor) 120 mg t.i.d. for 5 days (day 4) 2.21 (2.00, 2.46) 1.97 (1.8, 2.15)
Erythromycin (CYP3A/P-gp inhibitor) 250 mg Q6h for 5 days (day 4) 3.47 (3.16, 3.81) 2.77 (2.55, 3.01)
400 mg Q6h for 5 days (day 4) 4.63 (4.18, 5.13) 3.42 (3.12, 3.75)
Ciprofloxacin (CYP3A inhibitor) 500 mg b.i.d. for 5 days (day 4) 1.01 1.02
Alprazolam (CYP3A inhibitor) 0.5 mg t.i.d. for 1 day (day 1) 1.00 1.00
Amlodipine (CYP3A inhibitor) 10 mg q.d. for 15 days (day 14) 1.22 (1.20, 1.24) 1.20 (1.18, 1.21)
Atorvastatin (CYP3A inhibitor) 80 mg q.d. for 5 days (day 4) 1.08 (1.08, 1.09) 1.13 (1.12, 1.14)
Fluoxetine (CYP3A inhibitor) 80 mg q.d. for 5 days (day 4) 1.26 (1.23, 1.29) 1.22 (1.20, 1.24)
Cimetidine (CYP3A inhibitor) 800 mg q.d. for 5 days (day 4) 1.35 (1.33, 1.37) 1.31 (1.30, 1.33)
Efavirenz (CYP3A inducer), with 400 mg q.d. for 14 days (day 14)® 0.49 (0.46, 0.52) 0.51 (0.48, 0.55)

induction of intestinal CYP3A4

AUC, area under the curve; b.i.d., twice daily; Crax, maximum concentration; CYP3A, cytochrome P450 3A; CYP3A4, cytochrome P450 3A4; PBPK, physio-
logically based pharmacokinetic; g.d., once daily; Q6h, once every 6 hours; t.i.d., 3 times daily.

®Data are geometric means with 95% confidence intervals.

®Dosing regimen of modulator, with day of naloxegol 25 mg coadministration in parentheses.

minimal PBPK model (Table 3, Figure 2). Fluconazole
200 mg q.d. was predicted to cause a 2.81-fold increase in
naloxegol AUC, and verapamil 120 mg t.i.d. was predicted to
result in a 2.21-fold increase in naloxegol AUC. Similarly,
250 and 400 mg of erythromycin Q6h were predicted to
cause a 3.47-fold and 4.63-fold increase in naloxegol AUC,
respectively. Ciprofloxacin 500 mg b.i.d. was predicted to
have a negligible impact on naloxegol exposure, as was
alprazolam 0.5 mg t.i.d. (based on the aforementioned in
vitro 1Csq value). The weak CYP3A inhibitors amlodipine
10 mg q.d., atorvastatin 80 mg q.d., fluoxetine 80 mg q.d.,
and cimetidine 800 mg q.d. were predicted to increase
naloxegol AUC by 22%, 8%, 26%, and 35%, respectively,
indicating a minimal impact on naloxegol exposure (Table 3).

The minimal PBPK model was also applied to predict
DDI with naloxegol and the moderate CYP3A inducer, efa-
virenz 400 mg q.d. The model predicted that naloxegol
AUC would decrease by 51% when the induction effect by
efavirenz on both hepatic and intestine CYP3A was consid-
ered (Table 3, Figure 2).

DISCUSSION

Minimal and full PBPK models of naloxegol were success-
fully developed by integrating physiochemical properties, in
vitro metabolism data, and clinical PK results. The models
were refined and qualified through calibration against one
data set and adequately simulated outcomes with different
comparators. Visual inspection of the model predictions
compared with experimental values also contributed to the
refinement and qualification of the models.

Results from clinical DDI studies showed that CYP3A
enzymes predominate in the metabolism of naloxegol and
that the impact of CYP3A inhibition on the PK of naloxegol
is much greater than the impact of P-gp inhibition.®” For
example, observed data showed that ketoconazole, a

strong inhibitor of CYP3A and an inhibitor of P-gp,'
increased naloxegol AUC by 1,185%, whereas quinidine, a
weak inhibitor of CYP3A and a potent inhibitor of P-gp,"
increased naloxegol AUC by only 38%. It is also estab-
lished that, in contrast to CYP-mediated DDIs, P-gp-
mediated DDIs are generally not clinically significant and
usually result in a less than twofold increase in exposure.??
The localization of P-gp also tends to result in a greater
impact on limiting uptake of drugs from blood circulation
into the brain and from intestinal lumen into epithelial cells
than on enhancing the excretion of drugs out of hepato-
cytes and renal tubules into the adjacent luminal space.?®
With naloxegol treatment, it is hypothesized that P-gp has a
primary effect on absorption.2> However, because naloxegol
is highly soluble and rapidly absorbed,® the contribution of
intestinal P-gp to overall drug absorption is unlikely to be
quantitatively important because P-gp transport activity can
be saturated by high concentrations of naloxegol in the
intestinal lumen.?® In addition, the PK of naloxegol is linear
or near linear with a dose of up to 1,000 mg,?* indicating
that the P-gp transporter was saturated in the dose range
studied. Thus, the observed increase in the exposure of
naloxegol when coadministered with quinidine is likely to be
driven by the CYP3A inhibitory activity of quinidine.”

As CYPS3A inhibition is evidenced to be the dominant fac-
tor affecting the PK of naloxegol, the minimal PBPK model
was applied to predict changes in naloxegol exposure in
the presence of other moderate and weak CYP3A inhibi-
tors. Of the additional moderate CYP3A inhibitors included
in this analysis, verapamil®® and erythromycin®® are also P-
gp inhibitors but may have less potency in this regard than
ketoconazole and quinidine.27 The weak CYP3A inhibitors,
alprazolam, amlodipine, atorvastatin, fluoxetine, and cimeti-
dine, are not identified as P-gp inhibitors. Therefore, includ-
ing or excluding the P-gp component in the PBPK model
would have had minimal difference on the DDI predictions
for these compounds.

255

www.wileyonlinelibrary/psp4



Pharmacokinetic Modeling of Naloxegol
Zhou et al.

256

Many of the inhibitors/inducers evaluated in the current
analysis were standard in vivo CYP3A modulators that
have been classified by the FDA. Molecules classified as
moderate (fluconazole, verapamil, and erythromycin) and
weak (alprazolam, fluoxetine, and cimetidine) CYP3A
inhibitors by the FDA'™* would result in twofold to fivefold
and less than twofold, respectively, AUC increases of a
CYP3A-sensitive substrate. Similarly, efavirenz is classi-
fied by the FDA as a moderate CYP3A inducer'* and
would cause a 50-80% decrease in the AUC of a sensitive
CYP3A substrate. The minimal PBPK model successfully
predicted these moderate/weak CYP3A inhibitors and
moderate inducers could have similar effects on naloxegol
as on other CYP3A-sensitive substrates (Table 3), indicat-
ing that a dose adjustment might be necessary when
naloxegol is coadministered with a moderate CYP3A
inhibitor/inducer. Indeed, based on the current PBPK
model and results from clinical DDI studies, naloxegol’s
package insert® suggests the naloxegol dose should be
reduced by one-half when coadministered with moderate
CYP3A inhibitors (e.g., diltiazem, erythromycin, and vera-
pamil). It also recommends no dose adjustment when
naloxegol is coadministered with weak CYP3A inhibitors
(e.g., quinidine and cimetidine). The US package insert
also includes PBPK modeling results for the interaction
with efavirenz to guide naloxegol dosing.®

In conclusion, the developed PBPK models were suc-
cessfully applied to simulate the PK profile of naloxegol and
quantitatively predict the magnitude of interactions with vari-
ous CYP3A/P-gp modulators. Weak CYP3A inhibitors may
be expected to have minimal impact on naloxegol exposure
in routine clinical use, whereas moderate CYP3A inducers
may reduce naloxegol exposure by 50%. Given the reason-
able agreement found between model predictions and
observed values, the PBPK model will be useful to guide
dosing in clinical practice when naloxegol is coadministered
with other CYP3A modulators.
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